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Many strongly correlated transition metal oxides exhibit a metal-insulator transition (MIT), the 
manipulation of which is essential for their application as active device elements. However, such 
manipulation is hindered by lack of microscopic understanding of mechanisms involved in these 
transitions. A prototypical example is VO2, where previous studies indicated that the MIT resistance 
change correlate with changes in carrier density and mobility. We studied the MIT using Hall 
measurements with unprecedented resolution and accuracy, simultaneously with resistance 
measurements.  Contrast to prior reports, we find that the MIT is not correlated with a change in 
mobility, but rather, is a macroscopic manifestation of the spatial phase separation which accompanies 
the MIT. Our results demonstrate that, surprisingly, properties of the nano-scale spatially-separated 
metallic and semiconducting domains actually retain their bulk properties. This study highlights the 
importance of taking into account local fluctuations and correlations when interpreting transport 
measurements in highly correlated systems. 
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Among the transition metal oxides - which are typically strongly correlated materials showing a plethora 
of phase transitions - many exhibit a metal-insulator transition (MIT)1,2, the manipulation of which is an 
essential step towards using them in novel electronic devices, a field recently coined ‘Mottronics’3,4. VO2 
is a prototypical MIT material, promising also for applications5-7. It has a critical temperature near room 
temperature, at 340K, where the resistance changes by over four orders of magnitude2,8.  The MIT is 
accompanied by a structural phase transition from a low temperature monoclinic semiconductor (SC) to 
a metallic rutile and a hysteresis of a few degrees2,9. The transition in thin films and nano-rods has been 
shown to be spatially phase separated (SPS), where both SC and metallic ‘puddles’ coexist during the 
transition10-14.   
There is still much debate and contradicting evidence concerning the microscopic origin of the electronic 
and structural phase transitions and the mechanisms involved in these transitions, especially when 
considering different driving methods15-20. It is accepted that even if the transition is not purely 
electronic, Mott-Hubbard electron-electron correlations play an important role in the evolution of the 
phase transition and properties of the insulating state in VO2
21-23. This means that small changes to the 
carrier density (CD) can modify the electronic ground state and properties considerably18,24,25.  Thus, 
accurate measurements of CD as a function of intrinsic changes or external stimuli can help to 
understand these systems, as exemplified in other correlated electron systems, such as cuprates26, 
heavy fermions 27 interface of LAO/STO28,29. 
VO2 shows a change in carrier density of ~4 orders between the low temperature SC and high 
temperature metallic states, responsible for the 4 orders resistivity change, with not much difference to 
mobility 30. In spite of five decades of studies there are only scarce reports of Hall measurements of the 
CD in the close vicinity of the phase transition, especially for technologically relevant thin films of VO2. 
These are lacking high temperature resolution and provide only a qualitative picture for the changes in 
CD and mobility near the phase transition, and usually disregard the intrinsic SPS31,32. A similar void 
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exists in studies of CD in other MIT systems giving only qualitative pictures of changes in carrier 
density33-35, and is probably due to experimental difficulties of attaining accurate Hall measurements 
during large resistivity changes over a small temperature range. The main problems are the need to 
stabilize temperature for each measurement to decrease noise, while avoiding overshoot of the set 
temperature which will introduce errors through hysteresis effects and need of large magnetic field 
sweeps to increase accuracy. All these make the measurement extremely time-consuming.  
In this study we apply a simple modification to the Hall coefficient measurement scheme, which enables 
to increase temperature resolution and maintain high accuracy. We measure the Hall coefficient on 
single-phase thin VO2 films, simultaneously with the resistance, across the temperature driven MIT. We 
find that, in contrary to previous reports, the resistance behaviour does not correspond to the changes 
in the Hall coefficient. We analyse the results in the context of spatial inhomogeneity of metallic and 
semiconducting domains during the transition, by introducing the exact relation theorem and effective 
medium approximation36-38.  The hypothesis we use and confirm with the experimental results, is that 
even the small regions of spatially separated phases behave according to their bulk properties.  Only at 
close vicinity to the percolation threshold we do observe a difference between the experimental results 
and the exact relation predictions, and discuss possible origins. 
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Results 
High resolution Hall measurements. Thin VO2 films, 65nm thick, were deposited on R-cut sapphire 
substrates by reactive RF magnetron sputtering. The films show an MIT of over 3 decades (see Fig. 1) 
and were characterized as epitaxial, single phase with RMS roughness of 5nm (see supplementary Fig. 
1). The films were patterned via reactive ion etching (RIE) into one of two commonly recommended 
geometries for Hall measurements39: a disc with diameter of 900µm, or a 4-leaf clover with identical 
outer diameter and inner spacing of 290µm. Optical images of the devices with contacts and bonding 
pads are presented in inset of Fig. 1a (clover) and Fig. 1b (disc). The Hall measurement for the disk and 
clover leaf geometries showed similar results, but the clover geometry, which is considered better is 
surprisingly noisier, possibly due to edge effects from the RIE process which are enhanced in this 
geometry (see supplementary Fig. 2). Herein, we present results of the disk geometry.  
To avoid the large changing offsets in transverse voltage measurements31, we apply the frequently used 
‘Onsager reciprocity method’40,41, which is not common in studies of MIT materials.  Here, for each field 
Figure 1 | Device geometry and R vs. T data. (a) Main: Resistance (log scale) vs. temperature 
measurement of the MIT in 65nm VO2. Insets: final devices with 4 contacts. (b) and (c) The two 
configurations used to extract the offset-free transverse voltage measurement in the equation. 
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the Hall voltage is measured in two complementary configuration, exemplified in Fig. 1a and 1b, and 
using the reciprocity relation 𝑅𝑥𝑦(𝐵) = 𝑅𝑦𝑥(−𝐵) (where 𝑅 is the 2D resistivity matrix) an offset free 
transverse resistance, RT, is extracted (see supplementary method and supplementary Fig. 3 for 
details)42,43. The Hall coefficient, RH, is simply the slope of RT vs. magnetic field divided by the sample 
thickness. Strictly speaking, this method should work only for homogeneous materials, which is not the 
case in VO2 because of the SPS.  We measured the transverse resistance as a function of magnetic field 
for different temperatures across the MIT, presented in Fig. 2 for two temperatures, 330K and 340K in 
the right and left insets, accordingly. We draw attention that the offset is nearly zero. This means our 
device is large enough so the macroscopic measurements of the two configurations are on average the 
same. The carrier density we extract at 300K is 𝑛 = 7.9 ∙ 1018𝑐𝑚−3, increasing to 𝑛 = 1 ∙ 1023𝑐𝑚−3 
Figure 2 | Hall measurements vs. field and temperature. Main: RH vs. temperature for heating 
branch. Red circles - continuous measurement at constant magnetic field of 8T. Blue triangles - RH 
from magnetic field sweeps at constant temperature. Insets: RT vs. H for 330K (left) and 340K 
(right); arrows mark corresponding points in main panel. 
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above the MIT (at 350K); an increase of over 4 orders of magnitude. The results are in agreement with 
previous reports 31 (see also supplementary Fig. 5).  
Since we measure RT with nearly no offset, we can extract RH from a single high magnetic field, while 
ramping the temperature slowly and continuously. This enables us to perform high temperature 
resolution measurements of RH simultaneously with the longitudinal resistance, Rxx, across the MIT, 
overcoming the stabilization times and hysteresis problem.  In Fig. 2 (main panel) we exemplify that the 
results for RH extracted from the continuous measurement (red circles) match the values from RT vs. H 
curves attained after stabilizing the temperature (blue triangles). Note this is a symbol plot, exemplifying 
the high temperature resolution.  
Figure 3(a) shows a simultaneous measurement of Rxx (black curve) and RH (red curve) vs. temperature, 
each normalized to its value measured at 310K. The main panel is in linear scale and the inset in log 
Figure 3 | Bulk transport and Hall measurements. (a) 
Simultaneous measurements of Rxx (black curve) and RH (red 
curve) as a function of temperature, normalized to values at 
310K. Inset is a zoom in, showing region where RH is an order 
of magnitude smaller than the longitudinal resistance. (b) 
Average Hall mobility vs. temperature. (c) Metallic fraction vs. 
temperature: Red curve- fraction extracted from CD. Blue 
curve- fraction extracted from resistance data and EMA.  
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scale and smaller temperature range. At low temperatures, when the sample is semiconducting, the two 
curves are identical, indicating that resistance change is due to increase in carrier concentration and no 
evident change in mobility (since Rxx∝1/n and n∝1/RH). Also after the MIT, when the sample is metallic, 
the measurements coincide. But, during the MIT and for a wide temperature range there is a large 
difference between the two, of over 1 order of magnitude, as indicated by the blue bar in the inset. If 
one does not have any additional information on the material measured, the first explanation will likely 
be that the phase transition is accompanied by a large change in mobility, as suggested previously32.  In 
Fig. 3b we plot the relative change in mobility as a function of temperature required to reconcile the Hall 
measurement. Since the mobility in both the SC and the metallic pure phases are of similar value, the 
behaviour cannot be explained in terms of an averaged mobility. The results could also be interpreted as 
a result of phase boundaries of the SPS during the MIT10-12. Other conclusions could be, for example, 
that the mobility decrease comes from enhanced scattering from SC-metal interfaces, which would 
place the minimum mobility where the most separation occurs32. Below we show the results are actually 
a direct outcome of the SPS transition with no need to assume a mobility decrease. 
Analysis in the framework of the exact relation theorem. First, we exemplify that the Hall 
measurement does not relate to the mobility-weighted average carrier density of the coexisting carrier 
types of SC and metallic phases. For this we extract in two ways the volume fraction of the metallic 
phase (𝜑) across the MIT. Once- directly from the Hall coefficient. On average the carrier density is 
𝑛𝑎𝑣𝑔 = 𝜑𝑛𝑚 + (1 − 𝜑)𝑛𝑆𝐶, 𝑛𝑀 is the constant metallic CD measured at high temperatures and 𝑛𝑆𝐶  is 
the temperature dependant CD of the SC extrapolated from the low temperature behaviour. We find 𝜑 
that fulfils 𝑅𝐻 = −
1
𝑒[(1−𝜑)𝑛𝑆𝐶+𝜑𝑛𝑚)
 . Second, 𝜑 is extracted from the longitudinal resistance using the 
2D effective medium approximation (EMA). One can consider the spatially separated domains as 
forming a percolation network, shown to provide a good estimation of the spatially separated phase 
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fraction in VO2 during the MIT
44,45. In the low magnetic field approximation, which is the case here, the 
2D EMA matches the EMA in absence of magnetic field36,37: (𝜎𝑚 − 𝜎𝑒)/(𝜎𝑚 + 𝜎𝑒) + (1 − 𝜑)(𝜎𝑆𝐶 −
𝜎𝑒)/(𝜎𝑆𝐶 + 𝜎𝑒) = 0 , from which we can find 𝜑 again. Here  𝜎𝑆𝐶,𝑚,𝑒 are the conductivities of the SC 
phase, metallic phase, and measured effective longitudinal conductivity. We can use 𝜎𝑆𝐶,𝑚,𝑒 = 𝐶 ∙
1 𝑅𝑆𝐶,𝑚,𝑥𝑥⁄  and since C is a constant geometrical factor it is cancelled out. Resistances of the metallic 
and SC phases are extracted in a similar fashion as done for carrier densities above. Figure 3c is a plot of 
the comparison, showing a large discrepancy between the metallic fraction extracted from the CD, in 
red, and the EMA, in blue. Therefore, the Hall measurement cannot be interpreted as an averaged 
charge carrier density. 
We now analyse the results using the 2D exact relation theorem. It determines that in a two component 
composite there exists an exact relation between the effective values of the 2D conductivity tensor 
components and conductivity tensor components of each of the composite constituents38,46-48. We 
assume that the SC and metallic spatially separated phases have different conductivities and different 
Hall coefficients. We emphasize that the hall coefficients for the SC (𝑅𝐻,𝑆𝐶) and metallic phases (𝑅𝐻,𝑚) 
are not fitting parameters. They are extracted from the measured single phase regime, i.e. low 
temperatures for SC and high for metallic, see supplementary Fig. 6. The expected Hall coefficient 
according to the exact relations fulfils (for low magnetic field approximation): 
(𝜎𝐻,𝑒 − 𝜎𝐻 ,𝑆𝐶 )/ (𝜎𝐻,𝑚 − 𝜎𝐻,𝑆𝐶) = (𝜎𝑒
2 −  𝜎𝑆𝐶
2 )/(𝜎𝑚
2 −  𝜎𝑆𝐶
2 ) 
Here 𝜎𝐻,𝑖 (𝑖 = 𝑆𝐶, 𝑚, 𝑒) are the Hall conductivities of the SC phase, metallic phase, and effective Hall 
conductivity, i.e. expected from a measurement. We can use the relation: 𝜎𝐻,𝑖 = 𝑅𝐻𝜎𝑋𝑋
2 𝐵 since  𝑅𝐻𝐵 ≪
𝑅𝑋𝑋.   
Figure 4 shows the results of the exact relation in terms of the Hall coefficient (blue curves) compared to 
the experimental data (red curves). Figure 4a is a semi log plot, and Fig. 4b and 4c are linear plots 
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focusing on different regions. As evidenced in Fig. 4a and 4b there is very good agreement between the 
measured RH and RH extracted from the exact relations. There is only one region where the exact 
relation shows a deviation from the experimental data, magnified in Fig. 4c, where the experimental RH 
is ~2 time larger, not much relative to the 4 order of change the exact relation captures successfully. We 
find that, interestingly, this area corresponds to the percolation threshold, i.e. the point where long-
range connectivity occurs for the metallic puddles in the spatially-separated domains network.  Using 
the 2D EMA, we find the temperature of the samples percolation threshold which occurs at a phase 
fraction 𝜑 = 0.5 37,49, marked in Fig. 4c by the arrow. There are a few possible reasons for this 
difference, for example: (1) The exact relation theorem is not accurate near the percolation threshold. In 
this case, it is not clear why it results in under-estimation. (2) The assumption that the bulk properties of 
the SC phase hold along the MIT is not correct near percolation, when the puddles can be of nanometre 
size. (3) The Onsager method requires that the sample can be considered homogenous on a relevant 
small length-scale, but near percolation threshold there is a divergence. Further study and theoretical 
predictions are needed in order to resolve this issue, which is beyond the scope of this article. 
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Discussion  
We recall that the only postulate used to achieve the quantitative agreement of the exact relation 
theorem is that throughout the spatial phase separation both the metallic and SC puddles have the 
same properties of the fully developed phase. This indicates that during almost the entire MIT (excluding 
the percolation threshold), even for rather small SC puddles (few tens of nanometres50) they behave 
with the same temperature dependence of the fully SC film, and similarly for the metallic portion. In 
addition, this signifies that carrier mobility is almost constant along the phase transition, with no 
noticeable phase-boundary scattering, in correspondence with mobility of SC and metallic phases being 
almost the same.  These results highlight the importance of considering the effects of inhomogeneity (in 
space or time) when analysing properties of highly correlated transition metal oxides. Inhomogeneity is 
emerging as an intrinsic properties in many such systems, may have considerable shift in interpretation 
of results, i.e. resolving the mobility change presented here. There are additional examples for the 
Figure 4 | Hall coefficient vs. temperature. Red curve is experimental, and blue- via exact relation 
theorem. (a) Semi log plot of entire range. (b) Linear scale showing excellent fit for large Hall 
coefficient. (c) Zoom on the only region where there is discrepancies. Arrow indicates percolation 
threshold. 
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importance of considering inhomogeneity, such as role of local moments in magnetic properties of 
LAO/STO heterostructures 28, resolving dielectric properties of tunnel barriers 51 and analysing 
properties of disordered superconductors 52. Thus in correlated systems, the presence of inhomogeneity 
cannot be assumed to average out when interpreting macroscopic measurements, since small 
fluctuations can cause large changes of the measured properties in these materials.  
On a different note, the VO2 system is found to be appealing for the study of Hall and other magneto-
transport properties in percolation systems. Mainly since temperature control enables high control of 
fraction parameter, and also because the VO2 regular magnetoresistance is very small, 0.09% at 12T
31. 
Most experimental studies of the exact relation or EMA were done on a limited number of individually 
prepared samples 53,54. Here we showed that the exact relation is excellent in capturing almost the 
entire fraction range. Research can be naturally expanded to study other aspects, including finite size 
systems, crossover from 2D to 3D and critical exponents, to name a few.  
In summary, we preformed high resolution Hall measurements of VO2 thin films and followed the 
evolution of Hall coefficient and sample resistance across the MIT simultaneously and accurately. We 
show, using the exact relation theorem, that the Hall coefficient does not correspond to changes in the 
VO2 carrier density, but is rather a macroscopic manifestation of the spatial phase separation 
accompanying the MIT. Our results further indicate that the small SPS puddles maintain their bulk 
properties except, possibly, at the percolation threshold. Our study highlights the importance of spatial 
changes and local fluctuations when analysing macroscopic properties of MIT materials and other highly 
correlated transition metal oxides.  
Methods 
Film deposition.  VO2 films, 65nm thick, were deposited on R-cut (1-102) sapphire substrates by reactive 
RF magnetron sputtering in a high vacuum chamber (AJA Int.) with base pressure of 1×10−8 Torr and 
12 
 
Ar/O2 mixture from a nominal V2O3 target. Optimal growth occurred at a substrate temperature of 600C, 
total pressure of 3mtorr, oxygen partial pressure of 2% and a growth rate of 0.17 Å/s. Under these 
conditions the films grew smoothly, epitaxial and single-phased, as confirmed by AFM, X-ray diffraction 
and HR-SEM. More details concerning the preparation and characterization of these films can be found 
in the supplementary material and previous work 55.  
Device fabrication.  The films were patterned into the disk geometries for Hall measurements using a 
photolithography mask and reactive ion etching (RIE) (ICP-RIE, SPTS Inc.). Etching parameters were- 
pressure of 20mTorr composed of 67% SF6 and 33% Ar resulting in an etch rate ~ 30nm/min.. An 
additional step of photolithography and lift-off was used to align vanadium contacts and large bonding 
pads, 120nm thick, deposited by sputtering.  
Magneto-electrical measurements. All measurements were performed in a commercial cryostat (PPMS, 
Quantum Design). We measured resistance and transverse voltage using a Keithley 6211 high 
impedance current source and Keithley 2182A nanovoltmeter, while controlling the measurement 
configuration with a fast switch system, Keithley 7001 with 10x4 matrix card. Magnetic field dependent 
Hall measurements were done by first stabilizing the temperature (around 30 minutes) and then 
following the reciprocity method to measure RT depicted in Fig. 1b and 1c. Magnetic fields were swept 
between -3T and 3T. The temperature was ramped at rates between 1K/min to 0.1K/min (near the MIT), 
verifying the rate is low enough so that there is only a small resistance change between adjacent 
measurements, see supplementary methods and supplementary Fig.3. We performed slow temperature 
sweeps at constant magnetic fields of 8T, 0T and -8T to extract the Hall coefficient more accurately, 
shown in supplementary Fig. 4. 
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